Generation and molecular characterization of CRISPR/Cas9-4 induced mutations in 63 immunity-associated genes in tomato 5 reveals specificity and a range of gene modifications 6 7 8 9
Introduction 67
Derived from a native adaptive immune system in eubacteria and archaea, the CRISPR/Cas 68 system enables the alteration of DNA sequences in many organisms to achieve precise gene 69 modifications (Jaganathan et al., 2018). The most widely used Streptococcus pyogenes Cas9 70 (SpCas9) requires the 20-bp spacer sequence of a guide RNA (gRNA) to recognize a 71 complementary target DNA site upstream of a protospacer adjacent motif (PAM) and generates a 72 double-stranded breaks (DSB) near the target region (Xie and Yang, 2013) . DSBs are repaired 73 through either non-homologous end joining (NHEJ) or homology-directed recombination (HDR) 74 resulting in small insertions/deletions (indels) or substitutions at the target region, respectively 75 Bogdanove and Voytas, 2011), CRISPR/Cas is more robust in that the Cas protein can 78 theoretically bind to any genomic region preceding a PAM site and, importantly, target multiple 79 sites simultaneously. However, the possibility of off-target mutations caused by CRISPR/Cas is a 80 potential concern in both basic and applied research in plants, although it has been reported that 81 off-target effects of CRISPR/Cas occur at a much lower frequency in plants than in mammals 82 (Fu et al. 2013; Kuscu et al. 2014) . The most effective way to minimize off-target mutations is to 83 select a gRNA target with little or no homology to other genomic regions ( However, tomato production is threatened by many infectious diseases, including bacterial speck 92 disease caused by Pseudomonas syringae pv. tomato (Pst), which can result in severe economic 93 losses due to reduced yield and quality (Xin and He, 2013) . A large number of candidate 94 immunity-associated genes have been identified in tomato, but validation of the functional 95 importance of these genes had been technically challenging before the emergence of 96 allowed us to select the most efficient ones for tomato stable transformation while using 114 "agrobacterium pools" with various Cas9/gRNAs constructs shortened the time for generating 115 multiple tomato mutant lines. We established an efficient CRISPR/Cas9 system to generate a 116 large number of primary transgenic lines and we report for the first time a systematic 117 investigation of the specificity of targeting, the types of mutations generated and the heritability 118 of the mutations through multiple generations of tomato. Our CRISPR/Cas9-induced tomato 119 mutant plants provide a powerful resource for better understanding the molecular mechanisms of 120 plant-microbe interactions in the future. 121 122
Materials and Methods 123
Guide RNA (gRNA) design and construct development 124
All 20-nt gRNAs specific for the target genes were designed using the software Geneious R11 as 125 described previously (Jacobs et al., 2017). The tomato (Solanum lycopersicum) reference 126 genome sequence (SL2.5 or SL3.0) was used as an off-target database to score each gRNA 127 (GN19 or gN19; "g" represents a manually added "G" to accommodate the transcription initiation 128 leaves 136
Each Cas9/gRNA vector was transformed into the Agrobacterium tumefaciens strain 1D1249 137 (Wroblewski et al., 2015) by electroporation. For agroinfiltration into tomato leaves, the bacterial 138 cells containing different gRNA plasmids were grown in liquid YEP medium with 150 mg/L 139 kanamycin overnight at 30°C. The bacterial pellet was collected and resuspended in an induction 140 buffer containing 10 mM MgCl2, 10 mM MES (pH 5.7), and 200 µM acetosyringone (Sigma-141 Aldrich). Bacterial suspensions were adjusted to OD600 = 0.3 and incubated at room temperature 142 for 2-5 h. The third and fourth leaves of 4-week-old tomato plants were infiltrated with needle-143 less syringes and the whole plant was then placed in a growth chamber with a temperature of 22-144 24ºC, 16 h light/8 h dark photoperiod and 65% relative humidity. Three days later, a pool of six 145 leaf discs were collected from three individual plants (two leaf discs from each of three plants) 146 that had been infiltrated with the tested Cas9/gRNA vector, and used for genomic DNA 147 extraction, PCR and sequencing. The web-based tool TIDE (https://tide.deskgen.com) was used 148 to determine the mutation frequency induced by corresponding Cas9/gRNA vectors. 149 150
Tomato transformation 151
Tomato transformation was performed either at the plant transformation facility at the Boyce 152 (RG), including using 100 mg/l kanamycin for selection, and adding 0.1 mg/l indole-3-acetic 155 acid (IAA) to the plant regeneration media (2Z, 1Z) and 1 mg/l IAA to the rooting medium. Each 156 Cas9/gRNA vector was first electrotransformed into Agrobacterium tumefaciens LBA4404 157 (BTI), AGL1 (BTI) or GV3101(pMP90) (NCSU). In most cases, 2-4 Agrobacterium culture 158 preparations (of the same Agrobacterium strain), each carrying a different Cas9/gRNA construct, 159
were pooled together and used for transformation to minimize the number of experiments. 160 6 Tomato genotypes RG-PtoR or RG-prf3 were used for transformation if not specifically labeled 161 (Table 1) . 162
163
Genotyping and mutation analysis 164
Genomic DNA was extracted from tomato cotyledons or young leaves using a modified CTAB 165 method (Murray and Thompson, 1980) . The existence of T-DNA was confirmed by PCR using 166 primers listed in Table S6 . To determine the mutation specificity, genomic regions flanking the 167 target site of each gene were amplified with specific primers (see PGED; http://plantcrispr.org/) 168 and sequenced by Sanger sequencing. TIDE was used to rapidly evaluate the mutated allelic 169 sequences using the sequencing files (.ab1 format), especially for PCR amplicons of biallelic, 170 heterozygous, or chimeric mutants whose mutation length and frequency cannot be determined 171 due to superimposed sequencing chromatograms. 172
173
Off-target evaluation 174
To evaluate potential off-target mutations caused by gRNAs in CRISPR-induced mutant plants, 175 twelve gRNAs were selected and used as queries to search for potential off-target sites across the 176 tomato genome with up to 4-nt mismatches and 1-nt indel by the software Geneious R11 or with 177 up to 3-nt mismatches by a web tool Cas-OFFinder. Each off-target site was given a score based 178 on how similar it was to the protospacer of gRNAs. A higher score for an off-target site indicated 179 a higher similarity to the original target site and a higher likelihood to cause off-target mutations. 180
A shortlist of potential off-target sites of each gRNA queried was generated by selecting their 181 relatively high-scoring off-target sites predicted by either Geneious R11 or Cas-OFFinder (Table  182 3). Similar to mutation genotyping described above, genomic regions flanking the putative off-183 target sites were amplified with specific primers (Table S7 ) and PCR amplicons were sequenced 184 to detect if off-target mutations were induced in those regions. 185
186

Results
187
CRISPR/Cas9 targeting of immunity-associated genes in tomato 188
To study the efficiency and specificity of genome editing in tomato by CRISPR/Cas9 and to 189 better understand plant-pathogen interactions, we generated a collection of tomato lines with 190 targeted CRISPR/Cas9-induced mutations in genes that have been implicated in the immune 191 response. Candidate genes were selected based on previous studies involving RNA-Seq, For each candidate gene, at least two gRNAs targeting different DNA sites were designed and 199 separately cloned into a Cas9-expressing binary vector p201N:Cas9 (Jacobs and Martin, 2016). 200
The gRNAs were designed to be highly specific at target sites and their predicted off-target sites 201 contained at least one nucleotide mismatch in the seed sequence (the last 12 nucleotides 202 preceding the PAM) or two nucleotide mismatches against the full 20-bp protospacer (although 203 some gRNAs were designed to intentionally modify multiple homologs simultaneously). Most 204
Cas9/gRNA constructs in this study had only one gRNA expression cassette per plasmid, except 205 one construct that contained three gRNA cassettes targeting three Aquaporin transporter genes 206 (Table 1) . 207 208
Evaluation of gRNA effectiveness by agroinfiltration in tomato and Nicotiana benthamiana 209 leaves 210
To initially evaluate the effectiveness of gRNAs and subsequently enhance the mutation rate in 211 stably transformed tomato plants, 195 gRNAs were tested for their ability to cause mutations 212 using Agrobacterium infiltration (agroinfiltration) in tomato leaves ( Fig. 1A ; Table S1 ). After 213 agroinfiltration, DNA was isolated from the leaf tissue and the genomic region spanning each 214 target site was PCR amplified, sequenced, and analyzed with a web-based tool called Tracking of 215 Indels by Decomposition (TIDE; https://tide.deskgen.com; Brinkman et al., 2014) to calculate 216 the mutation frequency. gRNAs with mutation frequency >0 (p<0.0001) were considered to be 217 effective in inducing mutations in this assay while those with mutation rate = 0 were considered 218 ineffective. A total of 61.5% of the tested gRNAs were effective in inducing transient mutations 219
in tomato leaves ( Fig. 1B) . Among these, 96% had a mutation rate greater than 0% but less than 220 10% in this assay, while only five gRNAs (4%) had a mutation frequency over 10% (Fig. 1C) . 221
222
Agroinfiltration of tomato leaves is not very efficient and to test whether this affected our 223 estimate of gRNA mutation efficacy, we evaluated the mutation efficiency of two of the gRNAs 224 8 (Bti9ab-1 and Drm3-1) which each have identical target sites in both tomato and Nicotiana 225 benthamiana leaves (Fig. S1) . The mutation frequency induced by these two gRNAs in tomato 226 was much lower than in N. benthamiana (Fig. S1A) . In addition to these two gRNAs, we also 227 tested another four gRNAs that each target two of the four homologs of the Mai1 gene in N. 228 benthamiana (Roberts et al., 2019; Fig. S1B ). In N. benthamiana, the majority of the gRNA 229 targets showed a mutation frequency of 10-40%, while a small number had a mutation frequency 230 less than 5% ( Fig. S1B-C) . These observations suggest that the inefficiency of agroinfiltration in 231 tomato leaves probably leads to an underestimate of the true efficacy of gRNAs for generating 232 mutations. This is supported by later observations in which some very low-efficient gRNAs were 233 very effective in inducing mutations in stably-transformed tomato plants (Table S2) . 234
235
In most cases, we selected the most efficient gRNAs for subsequent stable transformation in 236 tomato, however, some low-efficiency gRNAs were also used if limited gRNAs could be 237 designed for a particular target gene. Most gRNAs that were effective in inducing mutations in 238 the agroinfiltration transient assay also induced mutations in stable transgenic seedlings, with 239 one exception where a gRNA that had a 4.4% mutation frequency in the transient assay did not 240 edit target genes in two stably-transformed plants ( Table S2) Agrobacterium tumefaciens-mediated stable transformation. To confirm the mutated sequence(s) 249 in each plant, genomic regions spanning the target sites were PCR amplified and sequenced. All 250 five possible genotypes, that is, wild-type, homozygous for the mutation, biallelic (a different 251 mutation in each allele), heterozygous for the mutation, or multiple mutations (chimeric), were 252 detected in our stably transformed tomato plants ( Table 1) . Direct sequencing of PCR amplicons 253 containing biallelic, heterozygous, or chimeric mutations resulted in superimposed sequencing 254 chromatograms, which made it difficult to determine specific mutation types and mutation 255 frequency in those plants. To resolve this problem, TIDE was used to rapidly determine the 256 9 mutated allelic sequences using the sequencing file (.ab1 format) with superimposed 257 chromatograms (Brinkman et al., 2014) , thus avoiding tedious and expensive cloning and multi-258 clone sequencing for mutation analysis. 259
260
Of the 361 T0 plants, 245 were found to have modifications at the target site(s) within 63 genes 261 (Table 1; Table S3 ). Most of the lines had only one CRISPR-induced mutation in one gene per 262 plant, while a few had mutations in two or even three genes (the latter cases occurred when using 263
Agrobacterium pooling -see below). We identified only one mutant event for some of the 264 targeted genes while for others up to 20 independent mutant events were generated ( Table 1) . 265
Overall, the average editing efficiency (the number of edited plants / the number of transgenic 266 plants) by CRISPR/Cas9 in tomato in our experiments was 68% ( Fig. 2A) , although the mutation 267 rate varied over a wide range from 14% to 100% from target gene to target gene in different 268 mutant lines ( Table 1) . All four mutation types (homozygous, biallelic, heterozygous, or 269 chimeric) were observed in several mutant lines that had sufficient independent mutant events, 270 while there was a bias of mutation types in some mutant lines, probably due to the limited 271 number of transgenic events generated ( Table 1) . 272
273
We analyzed the distribution of the four mutation types in all the 245 T0 plants at the 267 274 mutated target sites (some plants had more than one target site) and found that the percentage of 275 homozygous, biallelic, heterozygous, or chimeric mutation was 20%, 32%, 30%, and 18%, 276 respectively ( Fig. 2B) . In particular, plants having homozygous or biallelic mutations accounted 277 for 52% of the total. These mutants and their progenies can be used directly for phenotype 278 screening because no wild-type alleles are present, thus speeding the research process by saving 279 time for further genotyping in the next generation. The most common mutation alterations 280 induced by CRISPR/Cas9 were deletions or insertions, with 87% of these modifications at the 281 target sites being less than 10 bp (Fig. 2C) . The proportion of deletion mutations was 77%, and 282 the deletion length spanned a wide range from 1 bp to over 400 bp. Of all the mutations, the most 283 abundant modification was 1-bp deletion or insertion ( Fig. 2C) . For these, A-and T-insertions 284 accounted for 79.5%, while G-insertions accounted for only 4.5% (Fig. 2D) . Base substitutions 285 in combination with indels were also detected, but at a much lower frequency. Only three 286 independent mutant events (two were the same mutation type) harbored a nucleotide substitution 287 10 in one copy of the target genes at the positions 5-bp preceding the PAM, along with a short 288 insertion or deletion at the target site ( Fig. S2) . 289
290
Multiplex editing of three Aquaporin transporter (AquaT) genes by using one Cas9/gRNA 291 construct was also tested. Three individual promoter-gRNA expression cassettes (in the order 292
Aqua1-Aqua2-Aqua3) were assembled into the p201N:Cas9 vector ( Fig. S3A) as previously 293
reported (Jacobs et al., 2017). Ten of the 12 regenerated transgenic plants were edited, including 294 three single mutants, four double mutants, and three triple mutants (having mutations in all three 295 genes). Interestingly, all the three single mutants knocked out AquaT1, while three double 296 mutants modified AquaT1 and AquaT2 and one edited AquaT1 and AquaT3 simultaneously. 297
Three plants had mutations in all the three AquaT genes together ( Fig. S3B) . These data 298 suggested the position of the gRNA cassette in the vector may affect its mutation rate, 299
considering that all gRNAs were efficient enough to induce mutations once transformed into 300
plants. 301 302
Heritability of the mutations 303
To evaluate the heritability of mutations in T0 plants, a large number of T1 and some T2 plants 304
were generated and examined for their genotypes at the target sites. Most of the same genotypes 305 from T0 plants were transmitted to plants in later generations, although we did not record 306 segregation ratios in the progenies. Of note, no new mutations or reversions to wild-type were 307 found in the progeny of any homozygous T0 plants, indicating all the homozygous mutations 308 occurred in the transformed embryogenic cells before the first division. However, we did observe 309 novel genotypes in a small percentage of T1 or T2 plants whose progenitor (T0 plants) harbored 310 biallelic, heterozygous or chimeric mutations ( Table 2) . In particular, a homozygous mutation (-311 265 bp) was detected in the progeny of a NRC2 primary transgenic plant with a "+1 bp/+2 bp" 312 biallelic mutation. It was unlikely that the new -265 bp modification at the target site was created 313 by further modification of the existing +1 bp or +2 bp mutations in the progenitor, as the 314 insertions occurred at the fourth nucleotide upstream of the PAM, where a 1-bp mismatch in the 315 seed sequence of the gRNA protospacer can severely impair or completely abrogate the 316 Cas9/gRNA functionality (Jiang and Doudna, 2017). One possible explanation for this 317 observation is that the biallelic T0 plant (+1 bp/+2 bp) was a chimera and the new mutation may 318 derive from chimeric tissue of the T0 plant (Zhang et al., 2014) . 319 11 320
We also observed new genotypes in the progeny of some T0 plants harboring heterozygous or 321 chimeric mutations (Table 2 ) even though most of the progeny still possessed the same 322 genotypes as the progenitor line. In some of these cases, CRISPR/Cas9 continued to modify the 323 wild-type allele of the target gene in the progeny if the parent plants still contained a wild-type 324 allele and the Cas9/gRNA expression cassette ( Table 2) . In other cases, unexpected genotypes 325 were detected in some mutant lines including Mai1-E10, CathepsinB2-E8, Min7-E6, and ADE-326 E2 ( Table 2) . For instance, although the ADE-E2 T0 plant was chimeric (-4 bp/-5 bp/-13 bp) 327 without a wild-type allele, we identified one T1 plant that was azygous (two copies of wild-type 328 allele) and another one with a novel biallelic mutation (-4/-9 bp). Another example is the 329 CathepsinB2-E8 T0 plant which had a heterozygous (-4 bp/WT) mutation. However, -2 bp 330 homozygous and -1 bp/WT heterozygous mutations were detected in later generations. The 331
unexpected new genotypes discussed above revealed that the one leaf/cotyledon sample may not 332 reveal all the genotypes in the whole plant if the mutant is chimeric. Therefore, for T0 edited 333 plants without any wild-type allele, it will still be useful to perform genotyping in subsequent 334 generations to obtain homozygous mutants without the presence of Cas9/gRNA. 335 336
Specificity of CRISPR-induced gene modifications in tomato 337
Mutations in unintended sequences (off-target mutations) is a possible concern in both functional 338 genomics studies and plant breeding. To evaluate potential off-target effects by CRISPR/Cas9 in 339 our tomato lines, we first evaluated the specificity of 12 gRNAs of Cas9 by Geneious R11 340 The presence of a PAM was required for the site to be considered a candidate site. These gRNAs 344
were selected for off-target analysis because morphological defects were observed in one or 345 more mutant lines induced by these gRNAs (Fig. S4 Another way to evaluate the specificity of CRISPR/Cas9 is to test the efficiency of gRNAs with 352 a few mismatches against the target sequence in the protospacer. One of our gRNAs targeted two 353 tomato homologs, Mai5 and PBL-T1 (bothMai5/PBL-T1; 5'-gTAGATCGTAATGGATTGCA-354 3'; the first nucleotide "C" was converted to "G" to accommodate the transcription initiation 355 requirement of the U6 promoter). The designed 20-bp protospacer sequence exactly matched the 356 target site in Mai5 but had one mismatch in PBL-T1 at the third nucleotide from the 5' end (5'-357 gTCGATCGTAATGGATTGCA-3'). We generated five T0 plants that contained the 358 bothMai5/PBL-T1 gRNA construct, all of which had edits in Mai5 but not in PBL-T1, indicating 359 the one mismatch (along with the first nucleotide at the 5' end) in PBL-T1 appeared to 360 significantly affect Cas9 binding and cleavage activity at the target site. Another gRNA, 361 targeting the tomato FLS2.2 gene, did not induce targeted modifications in any of the 10 362 transgenic plants, possibly due to a 1-bp mismatch in the seed region of the gRNA in the Heinz 363 1706 reference genome (GTCATCAACATCTCGCTTGT) as compared to Rio Grande-PtoR 364 (GTCATCAACATTTCGCTTGT). The reference genome was used for gRNA design and RG-365
PtoR was used for tomato transformation as it contains the resistance gene Pto for investigating 366
Pto-mediated immunity in our mutants. This further indicates that CRISPR/Cas9 is highly 367 specific, with even one mismatch in the gRNA rendering the site inaccessible to the Cas9/gRNA 368 complex. 369
370
Tomato transformation with Agrobacterium pools 371
Tomato transformation is a lengthy and labor-intensive process. In an approach to minimize the 372 number of transformation experiments needed, three to four Agrobacterium culture preparations 373 each carrying a different gRNA construct were pooled and used for a single transformation 374 experiment ( Fig. 3A) . Of the 79 T0 plants generated, 58 plants (73%) contained precise 375 modifications in one or more of the target genes. In terms of the number of target sites edited by 376 CRISPR/Cas9 with pooled gRNAs, 48 (82.8%) of the T0 plants had mutations in just one gene, 377 while 9 plants (15.5%) had mutations in two and 1 (1.7%) had mutations in three genes ( Fig.  378   3A) . Among these T0 plants, 83.5% contained one gRNA cassette and 15.2% contained two 379 different gRNA cassettes, while no plants recovered contained more than two gRNA cassettes 380 integrated into the genome (Fig. 3B) . Interestingly, one mutant plant did not show detectable 381
integration of the T-DNA sequence (expressing Cas9 and gRNA) but had a mutated gene, 382 13 suggesting that transient expression of the Cas9/gRNA occurred in this plant. Additionally, we 383 found another type of transient mutation in 8 T0 plants at 10 different target sites (Table S5 ). In 384 these plants, a Cas9/gRNA expression cassette was integrated into the plant genome, as 385 confirmed by PCR and Sanger sequencing, but the gRNA detected was not the one that induced 386 the mutation in the plant ( Table S5 ), suggesting that the mutation was caused by another 387 transiently expressed Cas9/gRNA. 388
389
Discussion 390
Our effort to generate a large number of CRISPR/Cas9-induced tomato mutants targeting 391 immunity-associated genes demonstrates that this mutation approach is efficient and robust for 392 gene editing in tomato. Importantly, gene modifications mostly occurred in germline cells and 393 were stably inherited in subsequent generations, similar to those in rice (Zhang et possibly due to different intrinsic DNA repair mechanisms between these two species. These 399 differences could also be due to other factors including different transformation methods or 400 culture conditions, and different sets of target genes that tolerate different degrees of mutations. 401
402
Base substitutions induced by the CRISPR/Cas9 system in tomato were very rare in our study. 403
We frequently observed single nucleotide polymorphisms (SNPs) between Rio Grande (used for 404 transformation) and the tomato reference genome (Heinz 1706), but these SNPs were due to 405 natural variation, not mutagenesis, as confirmed by sequencing of the gene regions from 406 untransformed plants. Most of these SNPs were located outside of the protospacer sequence of 407 the gRNAs, and to date we have only found one gRNA (targeting FLS2.2) which had a mismatch 408 in the seed region that inhibited the Cas9 binding and cleavage at the target site. Therefore, it is 409 reasonable to use the tomato reference genome as the template for gRNA design and subsequent 410 mutation genotyping in transgenic Rio Grande and likely other tomato cultivars. 411
412
Various morphological phenotypes were detected in some mutants compared to wild-type plants. 413
Some of these abnormal phenotypes were associated with all the mutation events occurring in a 414 14 specific gene, strongly supporting that the mutation itself is responsible for the altered plant 415 growth or development. However, some mutant lines showed unusual morphology associated 416 with certain mutation events but not all, possibly indicating that another off-target mutation 417 occurred in these plants. We therefore investigated a large number of these plants but did not 418 find any evidence of off-target mutations, suggesting other mutations, if they exist, were either 419 caused by tissue culture or Agrobacterium transformation, or spontaneous mutations during seed which can be easily avoided by designing highly specific gRNAs using tools such as Geneious 426
and Cas-OFFinder. Based on our data we devised a rule to avoid off-target effects of 427 CRISPR/Cas9 by designing gRNAs whose highest scored potential off-target sites have at least a 428 1-nt mismatch in the seed sequence or 2-nt mismatches in the full protospacer sequence. 429
430
Surprisingly, we found new mutations in the progeny of some T0 plants that did not contain any 431 wild-type allele. These new mutations did not appear to be derived from existing mutations in the 432 T0 plants, as the Cas9-induced modifications were located within the seed sequence of the 433 gRNA protospacer and as little as 1-bp mismatch in the seed sequence can dramatically impair 434 the Cas9 binding and cleavage activity (Jinek et al., 2012). Therefore, we believe the new 435 mutations were derived from chimeric tissue from the T0 plant that was not detected with the one 436 cotyledon/leaf sample we used for mutation genotyping. We are currently advancing lines that 437 have biallelic or heterozygous mutations, or that were chimeric to develop homozygous plants 438
without the presence of Cas9/gRNA sequence. These plants will be used to investigate whether 439 the mutations affect the plant immune response, especially to P. syringae pv. tomato. 458
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Jinek, M., Chylinski, K., Fonfara, I. Table S3 . Table 3 . Examination of possible off-target mutations caused by 12 selected gRNAs in multiple generations. See also Table S4 and Table S7 . a The PAM motif occurs at the 3' end of each sequence (AGG, GGG, or TGG). Mismatched bases are in bold and underlined; "g" in lower case means the first nucleotide of the putative off-target sequence is not a "G" but was converted to that nucleotide to accommodate the transcription initiation requirement of the U6 promoter. b This is not a true off-target as it was intentionally designed to target a Mai5 homolog (PBL-T1). Comparison of the efficiency of the same gRNA to create mutations in tomato or N. benthamiana. Agroinfiltration and mutation analysis were the same as described in Fig. 1. (B Table S4 . Tomato mutant events selected for off-target analysis showed morphology defects. Related to Table 3 . Table S7 . Primers used for off-target analysis (related to Table 3 ).
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